Introduction
In the adult mammalian brain there are two brain regions, the subgranular zone (SGZ) of the hippocampus and the subventricular zone (SVZ) of the lateral ventricles, that continue to produce neurons throughout life (Fig. 1A) . In the SGZ, newly generated neuroblasts migrate a short distance within the granule cell layer and integrate into already established neural circuits where they are thought to play a role in hippocampal-dependent learning and memory (Lledo et al., 2006; Ming and Song, 2011) . Neuroblasts originated in the SVZ migrate over long distances via the rostral migratory stream (RMS) into the olfactory bulb where they differentiate into mature neurons and contribute to olfactory information processing Lledo et al., 2006) .
Both neurogenic regions, the SVZ and SGZ, contain neural stem cells that have an astrocytic nature (see Fig. 1A and B for the SVZ). Neural stem cells divide slowly and produce fastdividing transit-amplifying precursor cells that undergo several rounds of division and eventually differentiate into neuroblasts. In the SVZ, newly generated neuroblasts migrate in chains (i.e. there is tight contact between cells that slide along each other) that join around the anterior part of the lateral ventricles to form the RMS (Fig. 1B) . In rodents, thousands of neuroblasts enter the RMS daily and migrate tangentially in chains surrounded by astrocytes towards the olfactory bulb (Fig. 1C) . During the first postnatal weeks, a fraction of neuroblasts from the SVZ migrate also to the deep cortical layers (Le Magueresse et al., 2011) . The migration trajectory of neuroblasts that migrate within the RMS and towards the target regions is closely associated with blood vessels (Fig. 1C 0 ). In the olfactory bulb, tangentially migrating neuroblasts detach from the stream and migrate radially towards the granule cell layer (Fig. 1D ). The majority of neuroblasts halt migration in 0925-4773/$ -see front matter Ó 2012 Elsevier Ireland Ltd. All rights reserved. http://dx.doi.org/10.1016/j.mod.2012.11.003 the granule cell layer and start to differentiate into granule cell neurons, whereas around 5% continue migration and reach the glomerular layer where they mature into distinct subtypes of periglomerular neurons (Abrous et al., 2005) (Fig. 1E ). On the long route from the SVZ to the different layers of the olfactory bulb, neuroblasts encounter a plethora of dynamically changing external stimuli that activate distinct intracellular pathways and modify gene expression. Furthermore, neuroblasts exhibit intrinsic differentiation programs that are initiated already in precursor cells of the SVZ (Merkle In this review, we summarize our own data and data obtained from other labs regarding the transcriptome of neuroblasts located at distinct sites along their migratory trajectory from the site of origin to the final destination.
Neuroblast transcriptome
Neuroblasts are commonly identified based on the expression of certain marker genes, e.g. doublecortin or bIII tubulin, whose presence persist from early stages of neuroblast development until terminal differentiation (Abrous et al., 2005) . Nevertheless, the transcription profile of neuroblasts undergoes continuous changes from the moment of neuroblast generation in the SVZ till their maturation into distinct neuronal types in the olfactory bulb. Using laser microdissection, we isolated neuroblasts from several brain regions of transgenic mice in which SVZ-derived neuroblasts are labeled by EGFP (Khodosevich et al., 2009) . Importantly, specific EGFP expression in neuroblasts, but not in transit amplifying cells and mature neurons in the olfactory bulb, together with the employment of ultrathin (7 lm) brain sections for laser microdissection, resulted in the isolation of distinct neuroblast populations with low-level contamination by other cell types. Thus, we performed a comparative transcription profile analysis of neuroblasts located in three distinct sites of the migratory route: we compared neuroblasts located close to their site of origin, i.e. in the immediate vicinity of the SVZ (posterior RMS), with neuroblasts from the middle part of the RMS (anterior RMS) and neuroblasts that had reached their final destination in the olfactory bulb. We showed that more than 1000 genes are up-or downregulated in the anterior RMS neuroblasts compared to posterior RMS neuroblasts (Khodosevich et al., 2009) . We also analyzed the transcription profile of neuroblasts/immature neurons at the site of their destination, the olfactory bulb, and found that 1700 genes were significantly up-(1000) or down (700) regulated in comparison to anterior RMS neuroblasts (Khodosevich et al., 2007 (Khodosevich et al., , 2009 . RMS neuroblasts are produced by transit-amplifying precursors, fast-proliferating cells that have little, if any, migration capacity (Kim et al., 2009 ). Since neuroblasts still preserve, although limited, proliferation potential, it is safe to assume that the majority of upregulated genes in the posterior RMS in comparison to the anterior RMS are involved in different aspects of cell proliferation (e.g. cell cycle regulation, cell division, cell fate maintenance). Likewise, the expression of genes that are involved in migration commences when neuroblasts are generated and steadily increases thereafter. Thus, many genes that are important for neuroblast migration in the RMS are upregulated from the posterior to anterior RMS. In neuroblasts that reached the destination place, migration-specific genes should be downregulated. Finally, genes that are involved in neuroblast maturation and differentiation start to be expressed already when neuroblasts migrate tangentially in the RMS and radially within the olfactory bulb. However, the majority of maturation/differentiation genes is strongly upregulated when neuroblasts arrive at their target site. Overall, the neuroblast transcriptome is highly dynamic and is subject to modifications in reaction to local extracellular cues and intrinsic programs of the cell.
In the next chapters, we review recent data and propose that the majority of gene transcripts in the neuroblast transcriptome can be divided into subgroups that subserve proliferation, migration and differentiation (Fig. 2) . Our approach to analyze changes in neuroblast gene expression does not allow the concomitant establishment of temporal gene expression patterns. For instance, the steepness of the bell-shaped curve of the migratory subtranscriptome may vary for different gene families. Moreover, since in addition to the olfactory bulb, migratory neuroblasts eventually populate also other forebrain regions (including olfactory cortex, striatum, nucleus accumbens) (Inta et al., 2008; Le Magueresse et al., 2011) , it is highly likely that the migratory subtranscriptome of these neuroblast subclasses exhibit certain variations. Finally, it should be pointed out that we have no information regarding cell-to-cell variability in gene expression within a distinct neuroblast subpopulation.
Proliferation subtranscriptome
Neuroblasts maintain the ability to proliferate and express many genes that are involved in different aspects of cell division and cell cycle regulation ( Genes that are responsible for neuroblast proliferation are expressed at highest levels in the SVZ and are continuously downregulated towards the olfactory bulb. Genes that are involved in neuroblast migration are upregulated in the RMS. Differentiation-related genes start to be expressed already in the RMS and are strongly upregulated upon the arrival of neuroblasts at the final destination in the olfactory bulb. In the boxes below some examples of genes that are involved in proliferation, migration and differentiation are listed. Smith and Luskin, 1998) . Thus, neuroblasts labeled by a short pulse of BrdU (5-bromo-2 0 -deoxyuridine, proliferation marker) exhibited a posterior-anterior gradient, with significantly more labeled neuroblast in the proximity of the SVZ and a gradual decrease towards the bulb (Coskun and Luskin, 2002; Menezes et al., 1995) . Recently we showed that during neuroblast migration from the posterior RMS to anterior RMS, 121 genes known to be involved in cell cycle (by Gene Ontology analysis) were downregulated (e.g. Ccnd2, Cdk6, Cdc2a, Rbbp8, Aspm) (Khodosevich et al., 2009 ). To some of these genes, an important role in the proliferation of SVZ precursor cells had been attributed. For instance, in Ccnd2 (cyclin D2) knockout mice postnatal neurogenesis in both the SVZ and SGZ was severely impaired (Kowalczyk et al., 2004) . Likewise, deletion of cyclin-dependent kinase 6 (Cdk6) caused in SVZ precursor cells a lengthening of the G 1 phase and hence cell cycle exit (Beukelaers et al., 2011) , leading eventually to a decrease in neuroblast production. Neuroblasts during their migration via the RMS were also shown to upregulate cell cycle exit molecules. For instance, expression of both p19
INK4D and p27 KIP1 gradually increased along the RMS from the SVZ towards the olfactory bulb (Coskun and Luskin, 2002; Li et al., 2009 ). Thus, with increasing distance from the SVZ, there is a continuous decrease in the potential of neuroblasts to undergo cell division, reflecting a change in the transcriptome that gradually shifts from a program controlling proliferation to one that modulates migration and differentiation. Although in general the expression of genes involved in cell proliferation declines towards the olfactory bulb part of the RMS, there are exceptions, Diversin being one of them. As a component of the Wnt-signaling pathway, Diversin was shown to be important for neuroblast proliferation in the RMS (Ikeda et al., 2010) . However, the expression of Diversin is not restricted to proliferating neuroblasts in the RMS, but it continues to be expressed in mature neurons of the olfactory bulb, indicating that Diversin subserves another function in adult neurons.
In some instances a clear-cut correlation between gene expression and function is somewhat confounded by the persistent low expression of a gene that most likely does not exert a function anymore. Thus, for some genes that can be regarded bona fide marker genes of precursor cells, low levels of expression can be found in neuroblasts, most likely reflecting some residual expression in neuroblasts that only shortly before were generated by precursor cells (Fig. 1B) . For instance, we showed that although at the protein level Eph receptor A4 (EphA4) was confined to SVZ neural stem cells, the mRNA was still detectable in neuroblasts exiting the SVZ . This translates into a function of EphA4 receptor in neural stem cells only, but not in neuroblasts. Thus, we showed that EphA4 receptors are involved in neural stem cell maintenance, but not in neuroblast proliferation or migration. Residual mRNA expression in neuroblasts was also found for several other marker-genes of neural stem cells (Gfap, Nr2e1 = Tlx, Nes) or transit-amplifying precursors (Nes) . Another appropriate example in this context is DBI (diazepam binding inhibitor), for which we showed that, although its gene transcription was detectable in RMS neuroblasts (Khodosevich et al., 2009 ), there was no overt effect on neuroblast function, in stark contrast to the modulation of transit-amplifying precursor cell proliferation (Alfonso et al., 2012) . Of note is also the Sox9 gene, whose mRNA, but not the protein, is present in neuroblasts in the vicinity of the SVZ . Sox9 protein expression is restricted to transit-amplifying and neural stem cells in the SVZ, where it was shown to be involved in progenitor cell maintenance. Downregulation of Sox9 expression coincided with cell cycle exit of proliferating cells .
Taken together, the transcriptome of neuroblasts exiting the SVZ still contains a number of typical mRNAs that are associated with cell proliferation/cell cycle control. However, these mRNAs fall in three distinct classes: (a) some indeed continue to subserve the albeit limited proliferative capacity of neuroblasts, (b) some exert another function that is not related to proliferation in neuroblasts, and finally (c) some constitute residual mRNA expression that is not translated into protein.
Migration subtranscriptome
The downregulation of genes responsible for cell proliferation occurs gradually in neuroblasts forming a caudal-rostral gradient in the RMS that is accompanied by a concomitant upregulation of genes involved in cell migration (Fig. 2) . Since precursor cells in the SVZ have very limited, if at all, migrational capacity, in newborn neuroblasts the expression of proteins constituting the migrational machinery must be turned on shortly after their generation to allow the initiation of migration. Many cellular processes subserving defined steps in migration, such as for instance the protrusion of a neurite with a growth cone at its tip, involve complex interactions of protein assemblies that are tightly regulated in time. Except for some genes whose gene products are absolutely necessary for initiation and maintenance of migration (e.g. those forming microtubules and actin filaments), the expression of genes responsible for migration does not reach its peak immediately after neuroblasts are generated in the SVZ, but rather exhibit an increase along the RMS (Fig. 2) . Thus, we identified 61 genes known to be involved in cell migration (e.g. Enah, Wasf1, Wasl, Dcx, Abi2) that were upregulated during neuroblast migration from the SVZ to the anterior RMS (Khodosevich et al., 2009) .
During the process of neuroblast differentiation from precursor cells, one of the first upregulated gene sets is related to the cytoskeleton protein network. For instance, doublecortin (Dcx) is a microtubule-associated protein required for proper microtubule remodeling during neurite protrusion. The transcription of Dcx gene increases 1.6-fold in neuroblasts from the anterior RMS compared to neuroblasts from the posterior RMS (Khodosevich et al., 2009) . Interference with Dcx expression resulted in nucleokinesis impairment and disruption of neuroblast polarity (Kappeler et al., 2006; Koizumi et al., 2006) . A major transcription factor that governs the expression of cytoskeleton and cytoskeleton-associated genes is SRF (serum response factor) (Alberti et al., 2005) . Deletion of Srf impaired expression of Actb (b-actin) and Gsn (gelsolin) genes, as well as posttranslational modifications of cofilin.
In the context of migration there is an interesting link between centrosome positioning and neuronal polarity of RMS neuroblasts. Neuroblast polarization (i.e. having leading process and trailing process) is a prerequisite for the orientation and direction of neuroblast migration. Since the centrosome machinery is tightly connected to the microtubule cytoskeleton of the leading neurite in neuroblasts, centrosome-associated proteins can regulate cytoskeleton remodeling and growth cone orientation of SVZ-derived neuroblasts . Indeed, mutation in or knockdown of the centrosome protein Pericentrin resulted in neuroblast migration impairment and RMS disorganization (EndohYamagami et al., 2010) .
Another important set of genes that is upregulated during the initiation of neuroblast migration accounts for the correct direction of migration. Neuroblasts are produced by transitamplifying precursors that are spread throughout the wall of the lateral ventricles. However, shortly after their generation in the SVZ, neuroblasts are organized in chains of cells that migrate towards the anterior part of the SVZ and form the RMS. One signaling cascades that is responsible for migration initiation is Slit-Robo signaling. Newly generated neuroblasts activate Robo 2 and 3-receptor expression, while Slit1 and 2 proteins are secreted by cells residing in regions that surround the SVZ on all sides, but rostrally (Nguyen-Ba- Charvet et al., 2004; Wu et al., 1999) . A gradient of Slit proteins repels Robo expressing cells, thus, allowing for only one permissive direction for neuroblast migration, namely between the corpus callosum and striatum, where the actual RMS is localized.
On their migratory route from the SVZ to the olfactory bulb neuroblasts encounter different region-specific microenvironmental niches (i.e. different soluble factors, membranebound receptors and extracellular matrix surrounding the RMS). Thus, neuroblast transcriptome is challenged to respond to microenvironmental modifications. In our microarray study (Khodosevich et al., 2009) , there were sets of intracellular signaling molecules that were upregulated in neuroblasts of the posterior RMS compared to those in the anterior RMS and vice versa. Some of these molecules, e.g. those belonging to the Slit-Robo signaling for the posterior RMS or belonging to the chemokine signaling for the anterior RMS, were previously associated with cytoskeleton remodeling. Of mention is also thrombospondin-1 (THBS-1), a ligand of reelin receptor ApoER2 (apolipoprotein-E receptor 2), that was shown to be important only for a particular period during migration in the RMS (Blake et al., 2008) . Although THBS-1 is expressed along the whole RMS, its deletion resulted in RMS disorganization (due to neuroblast accumulation) only at the entrance to the olfactory bulb. The RMS structure in more posterior regions appeared normal, indicating that THBS-1 plays an important role for RMS neuroblasts at the entry point into the olfactory bulb, but not earlier. Since both THBS-1 and ApoER2 are expressed along the whole RMS (Andrade et al., 2007; Blake et al., 2008) , most likely expression of other molecule(s) downstream of THBS-1/ApoER2 is necessary for neuroblast entrance into the olfactory bulb.
Certain factors of the microenvironment remain constant along the migratory pathway of neuroblasts. Prominent examples are astrocyte-guided migration and migration of neuroblasts in chains of cells (Fig. 1C) . Tubes of assembled astrocytes guide neuroblasts and limit their migration by and large to the RMS. Within glial tubes, there is chain migration of neuroblasts that contact and slide along each other. Thus, specific sets of cell receptor genes together with their downstream intracellular signaling cascades are constantly activated during neuroblast-astrocyte and interneuroblast communication. The key protein responsible for interneuroblast communication is the polysialated neuronal cell adhesion molecule, PSA-NCAM. Neuroblasts adhere to each other via PSA-NCAM that contributes to neuroblast chain formation. Hence, upon PSA removal chain migration was disrupted (Hu, 2000; Ono et al., 1994) . Another protein that is responsible for interneuroblast contacts is the actin-binding protein girdin (girders of actin filaments). Girdin is expressed in all RMS neuroblasts and its expression is activated shortly after neuroblast generation (Wang et al., 2011) . Deletion of girdin in neuroblasts resulted in compromised cell-to-cell contacts between neuroblasts and, as a consequence, disruption of chain migration. Furthermore, girdin was also shown to be involved in neuroblast-astrocyte interactions since its deletion led to disturbance of glial tube formation in the RMS (Wang et al., 2011) . Other molecules that are important for chain migration in glial tubes are neuroregulins with its ErbB4 receptor (Anton et al., 2004) and ADAM2 (Murase et al., 2008) .
Vasculature, that outlines the RMS and provides trophic factors, is another important microenvironmental modulator of neuroblast migration (Bovetti et al., 2007; Whitman et al., 2009) (Fig. 1C  0 ) . Endothelial cells secrete brain-derived neurotrophic factor (BDNF) that guides migrating neuroblasts towards the olfactory bulb and promotes their survival (Snapyan et al., 2009 ). During postnatal development there are major changes of the capillary distribution in the vicinity of the RMS that go hand in hand with the formation of the astrocytic glial tubes (Bozoyan et al., 2012; Mori et al., 2006) . Both the scarcity of glial tubes and high density of blood vessels in the corpus callosum direct the migration of early postnatally-born neuroblasts not only towards the olfactory bulb, but also towards lower cortical layers using still non-oriented vasculature as the scaffold . After the second postnatal week, the presence of well-established glial tubes together with the decrease of the capillary density prevent neuroblast exit from the RMS and support their migration to the olfactory bulb. Upon arrival in the olfactory bulb, neuroblasts detach from tangentially migrating chains and migrate radially to their final destination (Fig. 1D ). This switch of the migratory mode corresponds to a change in gene expression. For instance, the expression of the transcription factor Arx (aristaless-related homebox gene) appears to be involved in the switch from tangential to radial migration, since Arx deletion resulted in neuroblast accumulation in the middle of the olfactory bulb (Yoshihara et al., 2005) . Arx might activate the expression of genes that are responsible for radial migration and/or inactivate genes responsible for tangential migration. Extracellular cues (e.g. cell adhesion molecules like PSA-NCAM) or intracellular signaling molecules (e.g. Girdin) are no longer needed and might even interfere with radial migration, not allowing neuroblasts to detach from migrating chains of the RMS. Concomitantly, expression of the cytoskeleton-associated gene Diap2 (diaphanous homolog 2, also mDia3) was found to be important for the separation of the centrosome from the nucleus. Interestingly, Diap2 affects nucleokinesis only for tangentially migrating, but not radially migrating, neuroblasts (Shinohara et al., 2012) .
Extracellular matrix proteins are crucial determinants of neuroblast migration. Two prominent examples of molecules that are involved in the signaling regulating the detachment of neuroblasts from the RMS are reelin (Hack et al., 2002) and tenascin-R that are expressed by the granule cells in the olfactory bulb. The granule cell layer surrounds the olfactory bulb part of the RMS and gradients of reelin and tenascin-R are presented to RMS neuroblasts. Neuroblasts express the reelin receptor ApoER2 (apolipoprotein-E receptor 2) that is upregulated from the start of migration in the SVZ towards the olfactory bulb (Andrade et al., 2007; Khodosevich et al., 2009 ). The putative tenascin-R-responsive receptor has not been identified yet, but based on results obtained in mice lacking the expression of the ligand, it is clear that tenascin-R modulates the detachment of neuroblasts from the RMS .
Differentiation subtranscriptome
After detachment from the RMS, neuroblasts migrate radially in the olfactory bulb to their destination site in the granule cell or glomerular layer where they differentiate and mature into distinct granule cell or periglomerular neurons, respectively (Fig. 1E) . Although some differentiation-related genes are activated earlier during neuroblast migration via the RMS, the major switch in the transcriptome takes place upon halt of migration. Genes that govern cell differentiation are strongly upregulated whereas genes responsible for migration (and, hence, not necessary at this stage of development) are downregulated (Fig. 2) . Thus, by comparing the neuroblast transcriptome in the beginning of the RMS, middle segment of the RMS and the destination site in the glomerular layer, we identified around 1000 genes whose expression was upregulated more than 2-fold (Khodosevich et al., 2007 (Khodosevich et al., , 2009 ) (note that triple microarray analysis was never published and one can extract this information only by comparison of our raw microarray data that are publicly available via MIAMExpress). We found numerous genes that were previously shown to be associated with neuronal differentiation. For instance, Nurr1 (nuclear receptor related 1 protein, a member of the nuclear receptor superfamily of transcription factors) mRNA levels were 26-fold higher in immature neurons of the glomerular layer in comparison to both RMS regions. Nurr1 was shown before to be important for the differentiation of dopaminergic neurons and Nurr1 knockout resulted in apoptosis of dopamine precursor cells in the ventral mesencephalon (Saucedo-Cardenas et al., 1998) . Since a subpopulation of postnatally-generated periglomerular neurons acquire a dopaminergic fate, it remains to be seen whether Nurr1 also controls the differentiation of dopaminergic neurons in the periglomerular layer of the olfactory bulb. Sall3 (sal-like 3) is also involved in the specification of the dopaminergic phenotype (Harrison et al., 2008) , and also for this gene we found a 3-fold upregulated expression in the glomerular layer. Other differentiation-related upregulated genes included Cntn1 (contactin 1; 17-fold), Nrcam (neuronglia-CAM-related cell adhesion molecule; 4-fold) and Dner (delta/notch-like EGF-related receptor; 15-fold).
Previous studies revealed the identity of several transcription factors that are involved in the maturation/differentiation of postnatally-born olfactory bulb interneurons. For instance, the transcription factor NeuroD1 was shown to be expressed specifically in mature periglomerular neurons of the olfactory bulb (Boutin et al., 2010) . Indeed, knockdown of NeuroD1 impaired differentiation of periglomerular neurons as indicated by a decrease in dendritic branching and lower spine density. The expression of yet another transcription factor, namely Pax6, promotes the differentiation of periglomerular cells towards a dopaminergic phenotype. Pax6 expression was found in migrating neuroblasts and its expression was downregulated in maturing granule cells (Hack et al., 2005) . In contrast, neuroblasts destined to develop into dopaminergic periglomerular cells continued to express Pax6.
Translation of mRNA is also a subject of regulation by proteins responsible for neuronal maturation. Expression of the RNA-binding protein FMRP (fragile X mental retardation protein), a negative regulator of RNA translation, was found in postnatally born granule cells of the olfactory bulb (Scotto-Lomassese et al., 2011) . Knockout or knockdown of FMRP gene, Fmr1, increased spine density and spine length of granule cells implying a role of FMRP in spine morphogenesis.
The microenvironment in the olfactory bulb itself plays an important role for the integration of immature neurons. Inhibition of VEGF-A (vascular endothelial growth factor A) reduced dendritic spine density of granule cells and dendritic branching of periglomerular cells (Licht et al., 2010) . Also, deletion of Wnt5a gene (one of secreted Wnt signaling members) led to impaired dendritogenesis of postnatally-born periglomerular neurons (Pino et al., 2011) .
The maturation of neurons in the olfactory bulb is accompanied by an upregulation of genes that code for proteins involved in synaptic transmission, including neurotransmitter receptors, ion channels, synaptic protein scaffold etc. (Lledo et al., 2006) . GABA, AMPA and NMDA receptors start to be expressed already in the RMS in the order as written (Lledo et al., 2006) . By comparing gene expression data from the posterior and anterior RMS to the glomerular layer, we found many genes coding for neurotransmitter receptors that were upregulated in the glomerular layer. Thus, there was an increase in expression for several GABA and glutamate receptor subunits: GABA A a2 (7-fold), GABA A b2 (13-fold), GABA A b3 (2-fold), GABA A c2 (11-fold), GABA B (2-fold), GluA1 (17-fold), GluA2 (6-fold), GluA4 (11-fold), as well as mGluR4 (2-fold) and mGluR7 (12-fold). Also, there were more than 30 ion channel genes whose expression was upregulated in maturing neuroblasts in the glomerular layer (Khodosevich et al., 2007 (Khodosevich et al., , 2009 .
A number of the upregulated neurotransmitter receptor and ion channel genes in the olfactory bulb crucially determine whether a postnatally-generated cell survives and integrates in the network or whether it undergoes apoptosis . For granule cells, that account for 95% of postnatally generated olfactory bulb cells, the critical window is 14-28 days after birth (Yamaguchi and Mori, 2005) . During this period, the survival of immature granule cells strongly depends on sufficient input from olfactory sensory neurons. Thus, certain ''survival'' genes will be activated in one subset of maturing postnatally born neurons, whereas in others ''death'' genes will be activated and induce apoptosis. Several genes coding for neurotransmitter receptors were demonstrated to be necessary for newly born cell survival in the olfactory bulb. For instance, ablation of the nicotinic acetylcholine receptor (nAChR) b2 subunit gene, accounting for the major high-affinity nAChR in granule and periglomerular cells (Mechawar et al., 2004) , increases granule cell survival. Of absolute importance for the survival and integration of postnatally-generated granule cells are NMDA receptors. Thus, ablation of the NR1 subunit lead to the demise of newborn granule cells in the olfactory bulb (Lin et al., 2010) .
The complete set of actors involved in intracellular signaling that eventually determine cell survival or cell death has yet to be identified. Of mention in this context is the transcription factor CREB (cAMP response element-binding protein) that is expressed along the entire SVZ-RMS-olfactory bulb route (Giachino et al., 2005) . However, its function most likely is region-specific given that the phosphorylation of CREB increases gradually from the SVZ towards the olfactory bulb, but exhibits a decrease in mature olfactory bulb neurons. Deletion of Creb1 resulted in impaired differentiation and reduced neuroblast survival (Giachino et al., 2005 ). Another intracellular signaling molecule whose expression levels appear to modulate neuronal survival in the olfactory bulb is CRMP5 (Collapsin Response Mediator Protein 5) (Veyrac et al., 2011) .
Conclusions
During embryonic development many neuronal cell types are generated far away from their destination sites and migrate long distances to reach their final position. Importantly, in the postnatal brain, SVZ-derived neuroblasts are the only cell type that undergoes long distance migration. Similar to embryonically generated neuroblasts, SVZ-derived neuroblasts preserve the potential to proliferate during early stages of their differentiation. However, in contrast to embryonic neuroblasts, of which many retain proliferative capacity even when they reach the destination site, SVZ-derived neuroblasts exit the cell cycle long before arriving to their target site in the olfactory bulb.
Intrinsic programs of differentiation and external stimuli from the surrounding microenvironment modify the cellular properties of neuroblasts. Intrinsic programs are more likely responsible for migration initiation and cell cycle exit, whereas external stimuli more likely control migration per se and final positioning. External stimuli might also slow down internal differentiation programs since the major differentiation gene set in neuroblasts is upregulated only upon arrival at their final destination site in the olfactory bulb. Depending on the neuronal cell type, the whole process of neurogenesis from birth to final differentiation might last up to 6 weeks in rodents. This involves dramatic changes in the neuroblast transcriptome with thousands of up-and/or downregulated genes.
The directed migration on a long migrational route from the SVZ to the olfactory bulb allows to subdivide the RMS into distinct regions in which neuroblasts at different stages of development can be harvested. Gene expression studies of SVZ-derived neuroblasts from different locations (which translates into distinct stages of differentiation) will shed light on functional aspects of neuroblasts in a defined microenvironment. This information is very important if one envisages future use of neural precursor cells in brain disease therapies, an area of research that received much attention over the last years. Although we analyzed transcriptome of neuroblasts from three locations on their migration route, additional information regarding yet other points along the migratory route is required to better understand and exploit the potential of neuroblasts in clinical therapies. Since SVZderived neuroblasts also migrate to injury regions in several brain diseases, e.g. stroke (Arvidsson et al., 2002; Kreuzberg et al., 2010) , another important set of experiments should be devoted to the analysis of the neuroblast transcriptome in brain disease models. Although our knowledge regarding the modification of the neuroblast transcriptome during neurogenesis is far from complete, already existing data from gene expression analysis in neuroblasts (Khodosevich et al., 2007 (Khodosevich et al., , 2009 ) and neural precursor cells (Beckervordersandforth et al., 2010; Pastrana et al., 2009) resulted in the identification of many proteins to whom novel functions in neurogenesis have been attributed. Thus, data from the microarray expression analysis served as a starting point for a number of subsequent studies, in which selective candidate genes were studied in detail at the functional level (Alfonso et al., 2012; Khodosevich and Monyer, 2010; Khodosevich et al., 2009 Khodosevich et al., , 2011 Khodosevich et al., , 2012 , Such studies could not have been conceived without prior information derived from microarray analysis, thus clearly showing the usefulness and great potential of largescale gene expression studies.
